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Foreword  and  Statement  of  the  problem  studied 

The  primary  focus  of  our  effort  was  to  produce  ultracold  molecular  ions  via  sympathetic 
cooling  with  laser  cooled  atoms.  Building  on  the  atom-ion  chemistry  and  molecular  spectroscopy 
work  of  previous  years,  we  performed  several  proof-of-principle  experiments  that  have 
demonstrated,  for  the  first  time,  sympathetic  cooling  of  both  the  translational  and  vibrational 
motion  of  BaCl^  molecules  through  collisions  with  ultracold  gases.  These  experimental  results 
have  been  indicated  that  the  proposed  cooling  method  is  as  efficient  as  expected.  We  have  also 
spent  significant  time  understanding  the  details  of  the  cooling  mechanisms  so  that  the 
experimental  system  can  be  optimized.  Work  has  now  turned  to  the  next  generation  of 
experiments. 

In  what  follows  we  give  brief  description  of  each  effort  undertaken  during  this  project 

year. 

Summary  of  the  most  important  results 

Introduction  to  the  experimental  system  (MOTION  trap):  The  construction  of  the  original 
MOTION  trap  system  was  completed  in  late  2010  and  is  shown  in  the  accompanying  photo  and 
figure  below.  At  the  center  of  the  vacuum 
chamber,  denoted  by  the  blue  arrow,  is 
'^‘^Ca  magneto-optical  trap  (MOT)  co¬ 
located  with  a  linear  quadrupole  radio¬ 
frequency  ion  trap  (LQT)  system.  The 
'^‘^Ca  MOT  laser  beams  (blue)  are 
evidenced  by  scattered  light  from  the 
optics.  The  necessary  computer  and  laser 
controls  can  be  seen  in  the  background. 

Using  this  system  we  have  studied  the 
MOTION  trap  environment  as  detailed 
below. 


Figure  1.  First-generation  MOTION 
trap  system.  Molecular  and/or  atomic 
ions  that  have  been  produced  by  laser 
ablation  of  a  solid  target  are  trapped  in 
the  middle  chamber  of  the  linear 
quadrupole  trap,  while  ultracold  atoms 
are  collected  in  a  MOT.  The  ultracold 
atoms  quickly  cool  the 
atomic/molecular  ion’s  external  and 
internal  degrees  of  freedom. 


Work  towards  understanding  the  kinematics  of  sympathetic  cooling  in  an  ion  trap:  Since 

the  work  of  Dehmelt  over  forty  years  ago,  it  has  been  known  that  sympathetic  cooling  in  an  ion 
trap  environment  is  much  more  complicated  than  in  a  static  trap.  However,  an  accurate,  complete 
description  of  the  effects  observed  in  these  systems  has  never  been  presented.  We  have  explored 


these  effects  both  theoretically  and  experimentally  and  have  now  developed  a  complete 
understanding  of  the  processes  at  play.  These  effects  stem  from  the  occurrence  of  collisions  in 
the  presence  of  the  radio-frequency  (rf)  trapping  voltages  of  the  ion  trap  and  allow  for  energy  to 
be  coupled  from  the  rf  trap  field  into  the  motion  of  the  ion.  This  work  has  resulted  in  one 
manuscript  to-date  and  another  is  in  preparation:  K.  Chen  et  ah,  Phys.  Rev.  Lett.  110,  173003 
(2013)  (Editor’s  suggestion)  and  K.  Chen  et  ah,  submitted,  (2013).  Finally,  we  believe  this  work 
will  continue  to  be  fruitful  for  the  foreseeable  future,  as  we  have  recently  discovered  that  these 
effects  lead  to  a  rich  system  exhibiting  power  law  energy  distributions  and  non-equilibrium 
steady  state  physics. 

Demonstration  of  the  production  of  cold  molecular  ions:  Using  the  MOTION  trap  system 
we  implemented  a  two-stage  sympathetic  cooling  procedure  to  cool  BaCl^.  Trapped  BaCl^  ions 
were  immersed  in  laser-cooled  clouds  of  Ba^  ions  and  Ca  atoms.  Due  to  the  strong  Coulomb 
interaction,  the  Ba^  ions  quickly  cool  the  molecular  ion  translation  motion,  while  the  neutral  Ca 
atoms  cool  the  BaCl^  molecular  ion  internal  degrees  of  freedom  (rovibrational  quantum  states) 
via  short-range  atom-ion  sympathetic  cooling  collisions.  As  shown  in  Fig.  2,  which  plots  the 
results  of  a  photodissociative  thermometry  measurement,  the  molecular  ions  have  been  cooled  to 
the  vibrational  ground  state  with  ~90%  probability.  This  work  demonstrates  the  principles  of  the 
ultimate  goal  of  this  proposal.  We  expect  this  work  to  be  of  high  impact  in  the  field  as  it 
represents  a  simple,  generic  method  for  producing  cold  molecular  ions,  and  thus  enables  a  host 
of  technologies  and  fundamental  physics,  as  outlined  in  our  proposal.  This  work  was  reported  in 
a  manuscript  in  Nature.  [W.G.  Rellergert  et  ah,  “Sympathetic  vibrational  cooling  of 
translationally  cold  molecules,”  Nature  495,  490  (2012)]. 


Fig.  2.  (Left)  Fluorescence  of  Ba+  ions  produced  via  photodissociation  of  BaCF  as  a  function  of  time 
with  and  without  the  MOT.  The  difference  in  final  fluorescence  values  is  a  direct  result  of  the  BaCF 
internal  state  temperature  and  can  be  used  to  calculate  the  molecular  vibrational  populations. 
(Right)  Results  of  photodissociation  thermometry  showing  ~90%  ground  state  occupation. 


Construction  of  the  next  generation  MOTION  trap:  Using  what  was  learned  in  the 
sympatehtic  cooling  experiments,  we  have  redesigned  and  constructed  the  second  geration  of  the 
MOTION  trap.  This  system  will  afford  single  ion  imaging  and  colder  final  temperatures  for  the 
molecular  ions.  We  have  also  added  time-of-flight  mass  spectrometer  to  the  system,  which  will 
provide  a  paradigm  shift  in  how  we  study  of  ultracold  atom-ion  chemistry.  This  work  was  a 
significant  undertaking  and  has  required  the  development  of  novel  rf  electronics,  all  of  which 
will  be  documented  in  a  technical  paper. 


This  system  became  fully-operational  in  November  of  2013.  Already,  we  it  has  produced 
exciting  results,  demonstrating  both  single  ion  imaging  resolution  and  new  route  to  improving 
mass  spectrometry.  We  are  in  the  process  of  applying  for  patents  for  the  improved  mass 
spectrometry  technique.  We  expect  this  system  to  enable  a  new  level  of  control  in  both  the 
production  of  ultracold  molecular  ions  and  cold  aotm-ion  chemistry. 


Figure  3.  A  string  of  trapped  Yb-ions 
immersed  in  a  Ca  MOT  in  the  second- 
generation  of  the  MOTION  trap. 


Mass/Charge  Ratio  [Da/e]  Mass/Charge  Ratio  [Da/e] 


Figure  4.  Traditional  vs.  optimized  laser-cooled  mass  spectra.  Left:  mass  spectrum  of 
the  products  of  laser  ablating  solid  BaCl2  while  laser-cooling  Right:  mass 

spectrum  of  the  products  of  laser  ablating  Yb  metal  while  laser-cooling  Both  the 

mass  resolution  and  detection  efficiency  are  improved  by  over  an  order  of  magnitude. 
(We  are  in  the  process  of  applying  for  a  patent  for  this  technique.  We  ask  that  the 
reader  keep  this  communication  in  confidence.) 

Human  resource  development:  This  project  has  trained  two  postdocs,  four  graduate  students, 
and  seven  undergraduate  students.  The  postdoc  and  graduate  students  have  become  experts  in 
modem  AMO  techniques.  One  of  the  postdocs  has  accepted  a  permanent  position  in  the  quantum 
technologies  division  of  the  Jet  Propulsion  Laboratory.  Two  of  the  graduate  students  defended 
their  PhD’s  in  September  2013  and  the  rest  have  advanced  to  PhD  candidacy.  Six  of  the 


undergraduates  trained  on  this  project  are  from  underepresented  backgrounds;  four  have  gone  on 
to  graduate  school  at  top  universities  and  the  other  two  plan  to  upon  graduation. 


